The alveolar structure, a space-filling branching duct system with alveolar openings, is one of the most complicated structures in the living body. Although its deformation during ventilation is the basic knowledge for lung physiology, there has been no consensus on it because of technical difficulties of dynamic 3-dimensional observation in vivo. It is known that the alveolar duct wall (primary septa) in the fetal lung is deformed so as to obtain the largest inner space and the widest surface area, and that the secondary septa grow just before birth and their free ridges form the alveolar entrance rings (mouths) containing abundant elastin fibers. We have constructed a 4-dimensional alveolar model according to this morphogenetic process, where the alveolar deformation is modeled by a combination of springs and hinges, corresponding to elastin fibers at alveolar mouths and junctions of alveolar septa, respectively. The model includes a hypothesis that alveolar mouths are closed at minimum volume and that closed alveoli are stabilized by the alveolar lining liquid film containing a surfactant. Morphometric characteristics of the model were consistent with previous reports. Furthermore, the model explained how the alveolar number and size could change during ventilation. Using in vivo microscopy, we validated our model by an analysis of the dynamic inflation and deflation of subpleural alveoli. Our model, including the alveolar mouth-closure hypothesis, can explain the origin of phase IV in a single breath nitrogen washout curve (closing volume) and mechanism of alveolar recruitment/derecruitment.
There is no consensus on how the alveolar structure changes size and shape dynamically during breathing in spite of extensive research [1] [2] [3] [4] [5] . Direct in vivo observation of subpleural alveoli with a video microscope through a window in the thoracic wall allows the analysis of alveolar configurational changes in the living animal during ventilation [6, 7] . This technique enables us to observe directly moving alveoli during ventilation. However, it is limited to an observation of subpleural alveoli in two dimensions, and it is difficult to estimate the 3-dimensional (3-D) change of the alveoli from these data. Three-dimensional micro CT images provide excellent 3-D images with high spatial resolution [8, 9] , but the time resolution is insufficient for acquiring 4-dimensional (4-D; 3-D space + time) alveolar images. Thus with the technology currently available, it is impossible to measure the changes in alveolar architecture in vivo; therefore new methods must be developed to study the 4-D behavior of alveoli.
The alveolus has been classically sketched in the textbook as a sphere connected by a tube. An analogy of soap bubbles to multiple alveoli has also been used in the textbook. Although such classical sketches may be useful for an approximated understanding of the complicated alveolar structure, they sometimes prevent a proper understanding of the alveolar structure in terms of solid geometry, as reviewed by Gatto [10] and DiRocco [11] . In reality, the alveolus has no respective air pathway, but shares common duct space with multiple alveoli. Furthermore, it is known that alveoli in histological sections are not rounded but polygonal, which suggests that alveoli are not spherical, but polyhedral in 3-D space. It is also known that alveoli are space-filling objects in the lung parenchyma. From the point of view of solid geometry, polyhedrons and not spheres have the ability fill the space. Regarding the analogy of bubble foam, there is no air pathway within the bubbles. Thus those classical sketches are too simplified to consider the alveolar dynamics in 3-D space.
There have been several important theoretical studies on parenchymal elasticity of the lung [12] [13] [14] . However, it is extremely difficult to estimate the configurational change of alveoli in 3-D space by using these theories. A 3-D structural model with temporal change, which can be called a 4-D model, would be useful for understanding alveolar dynamics. Since the structure and function of the living organ is formed through its morphogenetic process, an algorithm for constructing the 4-D model should be consistent with its morphogenetic process. Alveolar morphogenesis is schematized by Burri [15] , as shown in Fig. 1 , top row. The lower row in Fig. 1 is the geometric analogy to the anatomical changes seen directly above. The first step is the formation of a fluid pathway during the embryonic and the pseudoglandular periods (Fig. 1a) . In the early canalicular period, the intraluminal space of the fluid pathway is enlarged (Fig. 1b) , and the pathway wall becomes wavy secondary to capillary invasions (Fig. 1c) . In the alveolar period, the alveolar septa are added to the pathway wall (Fig. 1d ). Burri [16] termed the original pathway wall the "primary septa," and the additional septa the "secondary septa." The morphogenetic process is finalized with the functional maturation of the broncho-alveolar system. The final anatomical structure is an air transport system having a huge alveolar surface area and the ability to change size, shape, and volume during ventilation. In the following, we will analyze the functional role of secondary septa.
The free edges of secondary septa form alveolar mouths, which contain abundant elastin fibers [17, 18] . The junction of a secondary septum to a primary septum divides the secondary septum into two parts, and three septa meet at one-line segments. The shape of the alveolar mouth is easily recognized in a 3-D image such as a scanning electron microscope, but not in a 2-D image such as a histological section, because cross sections of alveolar mouths are recognized as free ends of line segments protruded into alveolar ducts. Vertexes of bent alveolar septa, containing abundant elastin fibers [17] , are thought to be cross sections of alveolar mouths at which heights of secondary septa are extremely short. The contraction and stretch of elastin fibers at the alveolar mouth widen and narrow the mouth. Changes in its size would displace the secondary septa, change the interseptal dihedral angles, and cause a configurational change in the entire alveolar structure. In other words, 1-D changes of elastin fibers cause 2-D changes of alveolar mouths and 3-D changes of the alveolar structure.
Several 3-D models of the alveolar structure have been proposed [19] [20] [21] [22] [23] . Of these proposals, space filling is considered by only Fung [20] and Kitaoka [21] , by whom alveoli are regarded as polyhedrons. Fung's model has been used by several other researchers [24, 25] , however, it is not consistent with the alveolar morphogenesis explained above because the alveolar mouth is generated by deleting one face of a closed polyhedron instead of attaching secondary septa. Kitaoka's alveolar duct model [21] includes the last stage. However, in the previous model the primary septa were smooth and the secondary septa were attached perpendicular to the primary septa. As a consequence, generated alveoli were cubic, far from real alveolar shapes. The alveolar model developed in this paper is a modification of this previous model so as to realize a correct arrangement of alveolar septa.
Our paper is organized as follows: (i) the algorithms used for constructing our alveolar model will be described and correlated to known alveolar morphometrics; (ii) we will further validate our model by analyzing the dynamic 2-D changes in subpleural alveolar mechanics during ventilation, using in vivo videomicroscropy; and (iii) we will discuss the potential impact of our new dynamic model of alveolar mechanics on respiratory physiology and pathophysiology.
METHODS
Modeling the alveolar structure. The basic shape of the alveolar duct model is a quadrangular prism composed of four squares (Fig. 2a) , corresponding to the primary septa. Each square is divided into four parts, and the respective parts are shifted alternatively inside and outside (Fig. 2b) . At the quadrangular corners, inside-shifted (outside-shifted) sections are joined with inside-shifted (outside-shifted) sections ( Fig. 2b-2 ). The secondary septa are then attached at edges of deformed parts (Fig. 2c-1, Movie 1) . Thus the alveoli are generated across the corners, and 8 alveoli are generated within one duct. There are two types of alveoli, a shallow alveolus composed of inside-shifted sections and a deep alveolus of outside-shifted sections. Attachment angles of secondary septa to primary septa are obtuse in the shallow alveoli and acute in the deep alveoli. The shallow alveolus is a part of a hexahedron, and the deep alveolus is a part of an 18-face polyhedron, which can be generated from a hexahedron by truncating all 12 edges. A single alveolus is visualized by hiding surrounding structures ( Fig. 2c-1 , ##). The alveolar mouth is depicted as a circular rim at the center of an alveolus. Since a primary septum is shared by two adjacent ducts, the secondary septa must be attached to both faces of the primary septum. In Fig. 2c-2 , secondary septa protruding into adjacent duct spaces are visualized. We have termed the structure in Fig. 2c-1 an "alveolar duct unit." The entire alveolar system is constructed by combining the duct units in fashion to create a space filling a 3-D air pathway. When probabilistic variables regarding septal attachments are used, generated alveolar shapes are not congruent, but are slightly different from one another. Figure 3a shows a branching alveolar duct model composed of 9 duct units. Figure 3b shows a cubic parenchymal model with 216 (= 6 × 6 × 6) duct units and 1,728 (= 8 × 216) alveoli, in which the air pathway was created by the labyrinthine algorithm proposed by Kitaoka [21] . Figure 3b -2 and Movie 2 show endoscopic views of the alveolar duct model. These two models will be used for microscopic image simulations mentioned later.
Modeling the alveolar dynamics. The basic concept of our dynamic alveolar model is that alveoli change their shapes by changing interseptal dihedral angles through the contraction/stretch of elastin fibers at the alveolar mouths. We have termed this alveolar design a "springhinge" model; the springs correspond to elastin fibers at alveolar mouths, and the hinges correspond to the line segments at which 3 alveolar septa meet. Although the septa of alveoli in vivo are deformable in all directions, in our model we separate septa into rigid and nonrigid sections for simplicity.
The design of the spring-hinge model is shown in Fig.  4 . The original square wall of the duct unit ( Fig. 4a) , corresponding to the primary septum, is replaced by a set of small blue square rigid plates connected by hinges (Fig.  4b ). Indigo squares are shifted up and down alternately. Turquoise squares are located obliquely between indigo squares. Indigo and turquoise squares correspond to the bottoms and lateral walls of alveoli, respectively. Rigid purple triangles, corresponding to parts of secondary septa, are then fixed perpendicularly to turquoise squares at the reverse side of hinge formation ( Fig. 4c-1 ). Springs are then bridged obliquely between neighboring triangles (red strings in Fig. 4c-2 ). Purple triangles and springs springs are also located on the reverse face of the blue squares. The composition of springs and rigid plates shown in Fig. 4c-2 is termed the "wall unit." Deformable yellow sheets are used to cover the wall units and form a continuous wall (Fig. 4c-3 , yellow sheets). When more than two wall units are connected on the same plane, cuplike structures are generated where four springs form a square mouth (Fig. 4d) . When wall units are connected perpendicularly, a branching duct structure is generated (Fig. 4e) . Figure 5 and Movie 3 show how the wall unit is deformed. As the springs are contracted, the hinge angles become small, and the side length of the wall unit decreases. We assigned the movable range of the hinges from 135° to 90°. When the hinge angle is 135°, the spring length is the maximum and the same as the side length of the square plate. When the hinge angle is 90°, the spring length is zero. If the spring length at the baseline is assigned at half the side length of the square plate, the hinge angle at that moment is 109°. When the hinge angle is 90°, four purple triangles touch each other on the same plane and form one closed cube. These closed cubes are arranged regularly, similar to a crystal formation. This working spring-hinge model was made of Styrofoam square sheets, rubber ribbons, and cellophane tape, as shown in Movie 4. At minimal volume, structural stability in the springhinge model occurs only when all elements are congruent; however this relationship would never occur in the lung. Therefore another mechanism is required to explain alveolar stability at the minimal volume. We propose that alveolar collapse is prevented at low lung volumes by a film of surfactant-lined liquid that occludes the alveolar mouth. This would be analogous to a film of saliva covering a slightly open human mouth, which is commonly seen when infants blow "bubbles." Our hypothesis is twofold: (i) As the alveolar mouth narrows at low lung volume, a liquid film containing pulmonary surfactant covers it, traps air inside the alveolus, and prevents its collapse; (ii) without a functioning surfactant system, the alveoli would collapse with the following configurational changes: the alveolar mouth would fall toward the alveolar bottom, which would be pushed toward the mouth as the alveolar volume approaches zero.
The anatomically accurate alveolar 3-D models indicated in Figs. 2 and 3 correspond to the spring-hinge model at a hinge angle of 135°. In the anatomically accurate model, the alveolar septa, which cover voids in the springhinge model, are composed of small triangles so as to possess a smooth and continuous surface. These triangles change their shapes to maintain their connectivity during deformation.
In vivo microscopic observation of alveolar dynamics. After approval from the local animal ethics committee, an in vivo microscopic observation of the dynamic change in subpleural alveoli in male adult rat lungs (Sprague Dawley, Taconic Farm) during ventilation was performed as follows. An intraperitoneal injection of ketamine (90 mg/ kg) and xylazine (10 mg/kg) was used to induce an anesthetic state. A 2.5-mm neonatal endotracheal tube was inserted through a tracheotomy, secured, and connected to the Galileo ventilator (Hamilton Medical, Reno, NV). After an initiation of positive-pressure ventilation, all animals received an intravenous dose of pancuronium (0.8 mg/kg). The midline incision was then extended below the xyphoid, and a sternotomy was performed. The thoractomy was performed by a removal of the right third to sixth ribs. Surfactant was deactivated by saline lavage (16 cc/kg). Warmed saline (37°C) was instilled into the lung and discarded. This process was repeated until the PaO 2 / FiO 2 ratio fell below 200 mmHg and remained there for 15 min, at which time the preparation was deemed stable. The arterial blood gas was monitored by catheter into the carotid artery.
Mechanical ventilation (Galileo Gold TM , Hamilton Medical, Inc.) was initiated in a pressure-control mode with 50% decelerating flow, a respiratory rate of 35 min -1 , and PEEP 3 cmH 2 O. The tidal pressure was adjusted to maintain baseline tidal volume (10-12 ml/kg). The inspiratory-to-expiratory ratio (I:E) was 1:2 in all groups. The fraction of inspired oxygen (FiO 2 ) was 100%.
Video microscopy was performed for alveoli in the nondependent lung (XDFM, U-LH100UH, Olympus, Orangeburg, NY). A suction cover slip apparatus was lowered onto the visceral pleural surface of the anterior right lung. Four contiguous 1.0 mm 2 fields on the pleural surface of the right lower lobe were filmed with the in vivo microscope (CCD SSC-S20, Sony). Since obtained images were 2-D and no absolute measure was available, we performed no quantitative measurements for alveolar shapes.
Image simulations. The branching duct model (Fig. 3a ) was used for simulating the microscopic images of subpleural alveolar ducts in rat lung. The cubic parenchymal model (Fig. 3b) was used for simulating frozen histological sections of lung parenchyma in dog lung. The side lengths of the duct unit at the maximum volume in the model were assigned at 50 µm for rat and 500 µm for dog. Therefore the longitudinal length of the branching duct model at TLC was 200 µm (= 50 µm × 4) at TLC, and the side length of the cubic parenchymal model at TLC was 3 mm (= 500 µm × 6).
A commercial visualization system (AVS, Advanced Visual System Inc., USA) was used for the image simulations. A translucent surface-rendering technique was applied for mimicking microscopic images of subpleural alveoli. A cut plane technique was applied for producing cross-sectional images of the parenchymal model. Figure 6 and Movies 5 and 6 show a simple alveolar duct model composed of two and a half of the duct units shown in Fig. 2c-1 . The duct in Fig. 6 was rotated at 45°a round the duct axis so that the alveoli could be observed head-on. The rims of the alveolar mouths are colored red. There were shallow and deep alveoli arranged alternately (Fig. 6b , * and **). Secondary septa were always shared by two adjacent alveoli. When secondary septa were shift- ed toward the centers of deep alveoli, the alveolar mouths were finally closed (Fig. 6, b and c, at 20% TLC). Simultaneously, in shallow alveoli the secondary septa were shifted outward, widely opened, and flattened. At minimal volume, the bottoms of shallow alveoli cropped out, and the duct space was completely smooth with no protrusion of secondary septa (* in Fig. 6b at 20% TLC). The shallow alveoli were no longer identified as alveoli at the minimum volume. When collapsed, the duct space was enlarged as a result of the collapsed deep alveoli. Morphometric characteristics of the duct unit were quantified as indicated in Table 1 . The "duct space" in Table 1 is defined as the entire space minus the alveolar space. The side length of the duct unit at the maximum volume was assigned at 500 µm to meet the alveolar duct size in the human lung at total lung capacity [21] . All other values were computed numerically. Measurements for deep and shallow alveoli were performed respectively, and the average values were calculated. Measurements of the alveolar linear dimension were performed for depth (the distance from the alveolar mouth to the deepest bottom) and widths (along the duct axis and perpendicular to the axis). The mean alveolar length was given by the mean of these three lengths.
RESULTS

Morphometric characteristic of the model
The mean length of the deep alveolus was approximately proportional to the cube root of its volume. Meanwhile, that of the shallow alveolus was negatively correlated to its volume. Therefore the average mean length for two types of alveoli did not change much. When the hinge angle was 90°, shallow alveoli were not recognized as alveoli, and their volumes became zero, though they were not collapsed. Therefore, morphometric data at minimum volume was only from the deep alveoli. Consequently a paradox occurred below 50% of the maximum volume; the mean alveolar volume did not change in spite of a decrease in total alveolar volume.
The total surface area in the duct unit and the surface area per unit volume (S/V ratio) were presented in Table 1 . In general, if an object deforms homothetically, its S/V ratio is reciprocal to its representative length, such as the side length or the radius. We then determined the values of the S/ V ratio in case of homothetic deformation for the purpose of comparison in Table 1 . The S/V ratio at the minimum volume in the model is about one and a half of that in homothetic deformation. This means that the deformation of the model at lower volume was not homothetic, but retained a larger surface area than homothetic deformation. Since alveolar collapse was simulated by reshifting the alveolar walls to the original location of the duct unit wall, the alveolar volume was zero and the volume of the duct space was the same as the unit volume. Figure 7 shows microscopic images of subpleural alveoli in rat lungs from three individual rats. One was under normal condition (a), and two were after saline rinsing (b and c, d). One rat lung after rinsing showed a branching alveolar duct (b), and the other showed several tips of alveolar sacs (c, d). Alveoli in Fig. 7 (a, b, and c) are on the deflation limb, and those in Fig. 7d are on the inflation limb. Subpleural alveoli are tightly packed throughout the ventilatory cycle in normal condition. Conversely, aerated alveoli in saline rinsed lungs were sparse and surrounded by collapsed parenchyma. Since these alveoli were aerated even at end expiration, surfactant function was thought to remain at some extent in those alveoli because of incomplete lavage.
In vivo images of alveolar dynamics
No apparent changes of alveolar size were observed in normal lungs in the two dimensions seen with our in vivo microscopic technique. Although tidal volumes were equal in the intact lung, the size changes of aerated alveoli in rinsed lungs were remarkably greater. The reason for the difference in alveolar size change between intact and rinsed lungs was thought to be a result of greater air volume being delivered to the patent alveoli because there were remarkably fewer open alveoli in rinsed lungs than in normal lungs.
A branching alveolar duct parallel to the pleural surface was seen in Fig. 7b . There were many white curved lines in the central parts of the alveolar duct. Not all, but most of these lines formed circles at the center of aerated alveoli (arrows in Fig. 7b ). Both the alveoli and the circles within them expanded with lung inflation. Since these circles were at the center of the alveoli and deformed synchronously to alveoli, they were thought to be light reflecting at wet alveolar mouths. The mouths (i.e., white inner circles) were apparent and clear at end deflation, but unclear at end inflation. This may be due to the formation of the surfactant fluid film on the alveolar mouth at low lung volume or motion blur during ventilation.
The tips of alveolar sacs located perpendicular to the pleural surface were indicated in Fig 7c (deflation limb) , Fig. 7d (inflation limb) , and Movie 7. An alveolar sac marked by black circles is composed of six uncollapsed alveoli (Fig. 7c ). Alveoli were individual and spherical at end inflation, but gradually contracted with deflation and eventually formed one single sphere in which contracted alveoli touched each other. These contracted alveoli remained aerated, and gradually expanded during inflation. An analysis of a second alveolar sac marked by blue circles demonstrated that the sac consisted of seven alveoli at end inflation, but only one large alveolus (or alveolar duct) at the end of deflation. The remaining six alveoli lost volume on deflation limb and became visible on inflation limb. Thus collapsed/recruited alveoli were clearly distinguished from contracted/expanded alveoli. There was a possibility that some of the aerated alveoli in Fig. 8 might be open because of the 3 cmH 2 O PEEP and collapsed if the PEEP was reduced, though we did not record it. However, it was a fact that collapsed alveoli and aerated alveoli at end expiration behaved in completely different ways during the same ventilatory condition. Figure 8 shows simulated images of subpleural alveoli by the branching duct model (Fig. 3a) . The hinge angle was changed from 135° to 100°. The thickness of the alveolar mouth rim (Fig. 8a, arrows) was assigned twice that of the alveolar wall so as to be recognizable as a whitish line. The longitudinal view of the branching duct is shown in Fig. 8a and corresponds to the alveolar duct seen in vivo in Fig. 7b . The tip of the alveolar duct containing six deep alveoli marked by a blue circle in Fig. 8a was used for simulating the images in Fig. 7, c (Fig. 7) . Size changes of alveoli and alveolar mouths through the deflation limb in the model were also consistent with those observed in vivo in Fig. 7 . Figure 9 depicts a cross section of the cubic parenchymal model at various volumes. The cross-sectional areas of this model is proportional to the 2/3 power of the whole volume of the model. The cross-sectional image at the maximum volume was very similar to a typical histological lung section fixed at full expansion. There were many closed polygons in the simulated cross-section image at 20% of the maximum volume (Fig. 9, blue circle) . Most of them were cross sections of closed alveoli. In the image for the collapsed condition, a pile of folded alveolar walls was seen as a single thickened wall (Fig. 9 , collapsed, blue circle). 
Image simulations
DISCUSSION
To our knowledge, there have been no other studies in which experimental images of alveoli are reproduced by a geometric alveolar model. We have reproduced histological sections (Fig. 9 ) and scanning electric microscopic images ( Fig. 3b-2) . The image similarity of the model is not perfect, but sufficient to suggest that our alveolar model is consistent with the known experimental images of alveoli. Our in vivo dynamic microscopic video (Fig. 8) revealed that the alveolar mouth actually changed its size during ventilation, which was predicted by our model. Indeed, the fact that the body and mouth of the alveolus are clearly recognizable at end expiration as long as the alveolus is aerated further supports our hypothesis. Mercer [5] was the first to identify a narrowing of alveolar mouths at low lung volume by reconstructing alveolar duct units in three dimensions in rat lungs. He also suggested that the alveolar mouths would close at the lowest lung volume [5] . The physiological significance of Mercer's finding was overlooked, but it supports our hypothesis regarding the alveolar mouth. Young [1] and Robertson [4] assessed alveolar morphology at low lung volume in rapidly frozen excised lungs. In both studies there were many alveoli that appeared as closed polygons surrounding the duct space, though this finding was overlooked and mentioned in neither paper. We interpret this data as representing a closure of alveolar mouths. These closed polygons are very similar to those in the cubic parenchymal model shown in Fig. 9 , which represent the cross sections of alveoli with closed mouths. There is still no direct evidence that alveolar mouth closure occurs dynamically in vivo; however, we feel that the indirect evidence from rapidly frozen lung sections and the closure of the alveolar mouth in our model all suggest that alveolar mouth closure occurs in vivo.
We were unable to confirm the presence of a liquid film covering the alveolar mouth at end deflation in vivo experiments with the video microscope. There are two possible explanations for these results: (i) Alveoli might not have reached the minimum volume necessary for the liquid film to form, or (ii) Translucent liquid films did cover alveolar mouths at end deflation, but they could not be visualized with our in vivo microscopic technique. To verify the hypothesis that liquid bridges cover the alveolar mouth at low lung volume, we will need a much higher magnification than any currently available on our in vivo microscope or other imaging technique. Micro CT scanners are the most promising modalities for the 3-D observation of alveolar dynamics, though the present resolutions are insufficient for observing the 4-D behavior of alveoli in vivo [8, 9] .
There are several shortcomings in our proposed model. First, the details of alveolar shape including the curvature distribution are arbitrarily as long as alveolar septa may keep continuity. Second, the timing of liquid film bridge formation over the alveolar mouth (i.e., at what lung volume) is unknown. The geometric details and the timing of liquid film formation are both necessary for generating a pressure-volume curve of the lung. These shortcomings will be addressed in future experimental and theoretical studies to develop a deeper understanding of alveolar mechanics.
In spite of these shortcomings, our model yields an integrated explanation in response to several important questions concerning respiratory pathophysiology. The following discussions are regarding (i) alveolar recruitment/derecruitment, (ii) role of surfactant-lined liquid film at low lung volume, (iii) histological findings of lung injury, and (iv) origin of closing volume.
Alveolar recruitment/derecruitment in normal lung
Numerous studies have investigated the mechanism of lung volume change at the alveolar level [2, 3, 5, 6] . Although still controversial, most of the data favor the mechanism of change in alveolar number (i.e., alveolar recruitment/derecruitment; R/D) as the most probable hypothesis for normal lung volume change [10, 11] .
Smaldone [3] measured alveolar linear dimension indirectly, using monodispersed aerosols. Carney [6] directly observed subpleural alveoli using in vivo microscopy. Both investigators found that alveolar size did not change significantly between TLC and RV and concluded that alveolar R/D was the main mechanism of normal lung volume change.
Our model of the dynamic changes of the alveolar structure offers a different interpretation of the data from both the Smaldone and the Carney experiments. We suggest that alveoli are not derecruiting at RV, but rather that a half of the alveoli are flattening. Our data showed that the number of alveoli was reduced in half at RV, not because of alveolar collapse, but because of alveolar flattening. If our model is correct, we offer a totally new hypothesis for how the normal lung changes volume at the alveolar level.
Smaldone [3] injected monodispersed aerosols into excised lungs and observed the aerosol's gravitational deposition at zero airflow during a fixed breath-hold. He assumed that the fraction of deposited aerosol was inversely proportional to the mean alveolar linear dimension (ALD). He found that the ALD was unchanged from TLC to the last 25% of deflation, and that it then decreased markedly. Therefore he concluded that the first 75% of lung deflation was due to derecruitment and that the last 25% was due to a decrease in alveolar size. If our model is correct, the interpretation of the data by Smaldone may be incorrect.
Our model indicated that a constant alveolar linear dimension was not a proof of the constant alveolar volume if alveoli deformation was not homothetic. Furthermore, when alveolar mouths are closed at the minimum volume, aerosols would be trapped inside the alveolus. Thus the fraction of deposited aerosol would be overestimated, and consequently ALD would be underestimated. Smaldone's experiment also strongly suggested that air trapping within closed alveoli occurred near RV. Carney [6] estimated alveolar volumes under the assumption that the volume of alveoli is proportional to the 3/2 power of the area enclosed by the alveolar border and concluded that alveolar volumes did not change between RV and TLC. Again, this assumption is valid only if alveolar deformation is homothetic, and thus the interpretation of Carney et al. that the normal lung changes volume by alveolar R/D may be incorrect.
Conventional R/D is believed to be due to alveolar collapse at end expiration and reopening with lung inflation. However, alveolar R/D could also be interpreted as the closure and opening of the alveolar mouth, rather than the collapse and reexpansion of the entire alveolus, as suggested by our novel model. When an alveolar mouth is closed, the alveolus is separated from the air transport system. When it opens, the alveolus again participates in it. Since the closure/opening of the alveolar mouth is assumed to occur in normal conditions, it is adequate to call it normal recruitment/derecruitment. On the contrary, the aeration/collapse causes mechanical damage to the alveolar walls. Therefore it may be adequate to call it pathological (or abnormal) recruitment/derecruitment.
Surfactant-lined liquid film at low lung volume
The possibility that there is a surfactant-lined liquid film across the alveolar mouth is not an entirely new concept. Scarpelli [26] hypothesized that surfactant does not line the alveolar wall, as currently believed by most pulmonary physiologists, but rather forms stable bubbles inside the alveolus and stabilizes the alveolus much like an inner tube in a tire. These surfactant bubbles cover the mouth of the alveolus at all times, and gas passes through the bubbles by diffusion. Our hypothesis differs from Scarpelli's because we believe that a surfactant-lined liquid film covers the alveolar mouth only at minimal alveolar volume.
The technique of intravascular fixation and dehydration has been used to study alveolar structure at low lung volume [27] [28] [29] . With this technique, lungs are inflated to specific volumes and dehydrated by intravascular perfusion with ethanol. Thus this technique would eliminate the surfactant/liquid film across the alveolar mouth as a result of the dehydration process. Suzuki [29] shot a laser beam into excised fresh lung inflated to different volumes and measured optical mean free paths (λ). Immediately following the measurement of λ, the lungs were fixed by intravascular perfusion and dehydrated. Alveolar size was measured in the fixed and dehydrated lung by the technique of mean linear intercepts (MLI). There was good correlation between λ and MLI at TLC, but much poorer correlation at 40% of TLC. The authors speculated that the discrepancy at low lung volume might be due to substantial refractive component [29] .
We propose another interpretation of these data based on our hypothesis of the surfactant-lined liquid bridge across the alveolar mouth at low lung volume. We propose that the liquid films bridging free edges of secondary septa reflected the laser beam in the fresh lungs and that these bridges were lost after fixation, explaining the loss of correlation between λ and MLI at 40% of TLC. Similarly, the measurement of dihedral angles between alveolar septa on 2-D histological sections by Oldmixon [28] might underestimate the heterogeneity of dihedral angle distribution at low lung volume resulting from a loss of liquid bridges across the alveolar mouth.
Histological findings of diffuse alveolar damage (DAD)
Although surfactant dysfunction is regarded as one of the most important causes of acute respiratory distress syndrome (ARDS), alveolar collapse is not listed as a histological finding in the exudative stage of DAD [30] . Rather, alveolar wall thickening is believed to be one of the most characteristic findings in the exudative stage of ARDS [30] . Robertson [4] noted that when pressure was applied to lung surface that alveolar ducts were open whereas the alveoli associated with these ducts were completely collapsed and folded. This finding was duplicated by our simulated model of alveolar collapse (Fig. 9) , in which a pile of collapsed and folded septa was indistinguishable from a single thickened septum. Further, Steinberg [7] reported that pulmonary surfactant dysfunction caused a mechanical lung injury independent of neutrophils. Together these data suggest that the alveolar wall thickening observed in the early DAD is not an inflammatory change, but rather a pile of collapsed alveolar septa and that alveolar collapse may indeed be part of the pathology in the exudative stage of DAD.
The origin of closing volume
The single-breath nitrogen washout test has played an important role in establishing the concept of chronic obstructive pulmonary diseases. In 1967, Dollfuss [31] proposed a hypothesis that the sudden rise of nitrogen concentration near the end of expiration (phase IV) was due to airway closure in the dependent lower zone of the lung. On the other hand, Hyatt [32] stated that phase four could occur without airway closure if the airflow stops in the dependent zone. Several experiments indicated that there were actually space disconnections between trachea and alveoli [33] [34] [35] . This airway closure hypothesis has been used to explain the origin of closing volume. However, none of the above experiments identified the location of the disconnection. It is obvious that alveolar mouth clo-sure, as we suggest, is one of the possible mechanisms of closing volume. Conventional interpretation of closing volume may need to be reconsidered from the point of view of alveolar dynamics.
In summary, we have constructed a 4-D model of the alveolar structure based on pulmonary morphogenesis. The model fulfills the three basic conditions of the biological alveolar structure: (i) It is space filling; (ii) There is an air pathway (duct) connecting the alveoli; (iii) The alveoli can deform during the ventilation cycle. The model includes a hypothesis that the alveolar mouth is occluded at minimum volume by a surfactant liquid film, and that the mouth and the bottom of the alveolus become contiguous when the alveolus is collapsed under the condition of surfactant dysfunction. These hypotheses explain the mechanism of normal alveolar recruitment/derecruitment (R/D), of pulmonary surfactant function, and the origin of lung closing volume in a fashion superior to those from current hypotheses.
